Magneto-optical imaging was used to study a zero-field-cooled MgB 2 film at 9.6 K where in a slowly increasing field the flux penetrates by an abrupt formation of large dendritic structures. Simultaneously, a gradual flux penetration takes place, eventually covering the dendrites, and a detailed analysis of this process is reported. We find an anomalously high gradient of the flux density across a dendrite branch, and a peak value that decreases as the applied field increases. This unexpected behaviour is reproduced by flux creep simulations based on the non-local field-current relation in the perpendicular geometry. The simulations also provide indirect evidence that flux dendrites are formed at an elevated local temperature, consistent with a thermo-magnetic mechanism of the instability.
Introduction
The dendritic flux instability found in thin films of various superconducting materials is a striking but still poorly understood phenomenon. It consists in an abrupt penetration of magnetic flux into the superconductor along narrow branching channels which form irregular dendritic patterns on the macroscopic scale. The dendritic instability has been observed by magneto-optical (MO) imaging in films of Nb [1] [2] [3] , YBa 2 Cu 3 O 7 [4, 5] (induced by a laser pulse), and recently in MgB 2 [6] [7] [8] [9] and Nb 3 Sn [10] .
The instability is believed to be of thermomagnetic origin, similar to the much more explored phenomenon of flux jumping [11, 12] . Local heating due to flux motion reduces the pinning, and facilitates the further motion, which may lead to an avalanche process accompanied by a substantial temperature rise. This thermal mechanism behind dendrite formation is supported by a recent experiment, which showed that the instability can be suppressed by having a normal metal in contact with the superconductor [7] . Dendritic patterns of flux [6] and temperature [13] have also been obtained by simulations based on the thermal feedback mechanism.
From the thermo-magnetic nature of this instability, one expects that the critical current density j c characterizing the flux profile across the dendritic branches reflects the elevated temperature at which they were formed. Due to a decrease of j c with temperature, these profiles should have a less steep slope than the profiles of the regular and smooth penetration from the edges. Surprisingly, we find that in films of MgB 2 the flux profiles across the dendritic branches are actually much steeper. In this work we investigate this paradox, and study using MO imaging the interplay between frozen flux dendrites and the gradually advancing flux front.
Experiment
Films of MgB 2 were fabricated on Al 2 O 3 substrates using pulsed laser deposition [14] . A 300 nm thick film shaped as a square with dimensions 5 × 5 mm 2 was selected for the present studies. The sample has a high degree of c-axis alignment perpendicular to the plane, and shows a sharp superconducting transition at T c = 39 K.
The flux density distribution in the superconducting film was visualized using MO imaging based on the Faraday effect in ferrite garnet indicator films. For a recent review of the method, see [15] , and a description of our setup is found elsewhere [16] . The sample was glued with GE varnish to the cold finger of the optical cryostat, and a piece of MO indicator covering the sample area was placed loosely on the top of the MgB 2 film. The grey levels in the MO images were converted to magnetic field values using a calibration curve obtained above T c .
The MgB 2 film was cooled down to different temperatures T in zero magnetic field, and then a slowly increasing perpendicular field, B a , was applied. For T > 10 K, the flux penetrated the film gradually, and formed the critical state usually found in superconductors with bulk pinning. For T < 10 K, the gradual penetration was interrupted by abrupt invasion of dendritic flux structures. Shown in figure 1 is a series of MO images visualizing the distribution of the perpendicular field B for T = 9.6 K. At fields below 14.5 mT, a gradual flux penetration from the edges took place. figure 1 . The profile slope across the dendrite branches is much larger than that in other regions and also larger than that in the same region for B a = 36 mT.
The distribution is then similar to the conventional critical-state picture in a perpendicular geometry [15] : the flux concentrates at the edges, seen as a bright contour around the sample, and partly penetrates inwards. The central part and the regions near the corners remain flux free and appear black on the image. The observed roughness of the flux front is often found in MO studies of superconductors and indicates the presence of small defects that lead to the fan-like flux patterns. At 15 mT a big dendritic flux structure abruptly invaded the film (middle panel). The properties of such flux dendrites are described in detail in the previous studies [6] [7] [8] [9] . Here we emphasize that the exact pattern of the dendrite is not reproducible, and thus not related to defects. During the subsequent field increase, the dendritic structure remains seemingly intact, while the flux front continues advancement, like a moving sand dune, and by B a = 36 mT, it covers the dendrite almost completely, see figure 1(bottom). The evolution of the flux density profiles across the film during field increase is shown in figure 2 . The profiles are calculated directly from the MO images along the line indicated in figure 1, which is perpendicular to both the film edge and two branches of the dendrite tree. The slope of the profiles is thus everywhere representing the actual | ∇B|. The shown profiles cover all the stages of flux penetration: the gradual advancement of flux front into the virgin film (7 and 14.5 mT), the formation of a dendrite (15 mT) and the later the gradual penetration covering the dendrite. One can immediately see that for the dendritic branches the profile has an anomalously steep slope. It is therefore tempting to conclude that this corresponds to an anomalously high critical current density. However, an enhanced current density flowing around the branches is bewildering. High as it may be during the dendrite formation, the current density should relax fast, and not exceed j c flowing in the area of regular flux penetration. In fact, one would expect that the heating accompanying the avalanche reduces the current density.
Even more surprising is the observed evolution of the flux density around a dendrite branch as the flux front is approaching and runs it over, see figure 3(top). From the figure we again note the anomalously steep slope of the profile across the branch (20 mT curve) compared to the slope after the branch has been wiped out (33 and 39 mT curves). In addition, one finds that the new flux coming to the region from the edge does not simply add up to the existing B distribution. Instead, it first destroys the existing sharp peak of B(x), so that B is temporarily decreasing in the vicinity of the branch core. These two observations are in a strong contrast to the behaviour expected in the usual Bean model, see figure 3 (bottom), where the slopes of B(x) are fixed, like in a sandpile.
Simulations
To seek an explanation for the surprising observations we take into account the fact that our sample is a thin film. In such a perpendicular geometry the relation between B and j is non-local, and this might be responsible for the experimental behaviour shown in figure 3 . We address the problem by calculating the evolution of B and j distributions for the case of flux front approaching a dendritic branch, using flux creep simulations. Focus is set on the flux profile development after the dendrite is formed, while the dendritic branch itself is introduced 'by hand' at certain applied field.
Consider a thin film strip with width 2w along the x-axis, and thickness d along the z-axis. We assume d w and neglect variation of all quantities throughout the strip thickness. A magnetic field applied perpendicular to the strip will then induce a sheet current J = dj and an electric field E directed along the y-axis. From the Maxwell equation, one has ∂B/∂t = −∂E/∂x.
Superconductors in the flux creep regime are usually described by the current-voltage relation,
where n 1, and has the meaning of a vortex depinning activation energy divided by kT [17] , and v 0 is the vortex velocity at J = J c . Finally, the non-local relation linking the current and flux density distributions in the strip reads [18] 
The simulations start with zero initial conditions, B(x, 0) = E(x, 0) = J (x, 0) = 0, and for t > 0, the applied magnetic field is assumed linearly increasing with time, B a =Ḃ a t. To provide correspondence with the experiment, the field ramp rate was very slow:Ḃ a B c v 0 /w, where B c = µ 0 J c /π is a typical value for the flux density.
The evolution of flux and current density distributions J (x, t), B(x, t) is then calculated numerically from equations (1)-(3).
At the field B a = B * a a dendritic branch parallel to the film edge is introduced by setting
where x 0 and give the location and width of the branch. Physically, this is equivalent to having the region x 0 x x 0 + x instantly heated to the normal state so that it becomes uniformly penetrated by flux with a density proportional to the applied field B * a , where the coefficient α is determined by the demagnetization factor. The simulations then continue with the same parameters, i.e., we assume that the heated region cools down immediately. To mimic our actual experimental situation, shown in figure 2, the following parameter values were chosen: x 0 /w = 0.5, i.e., the dendrite is formed halfway to the film centre, at the applied field B * a = 0.58B c when the flux front is located at ≈0.75x 0 , and to have appropriate height and width of the peak at x 0 we set α = 2 and /w = 0.03.
Let us first analyse the distributions for the right half of the strip, where almost no disturbance is created by the dendrite, see figure 4 . These profiles demonstrate a familiar scenario of flux penetration in the perpendicular geometry: nonlinear B(x) with a flux front advancing deeper and deeper as B a increases, and essentially uniform J (x) in the flux penetrated area and a considerable current also in the Meissner state central part 5 . Such profiles are often found in MO studies of thin superconductors [16] , and were obtained by flux creep simulations already long ago [19] . The profiles are also very close to the Bean-model result for a thin strip [18, 20] , which is expected for the large n = 25 used in the present simulations. Next, we examine the left side of the strip, and how the penetration there is perturbed after the appearance of the dendrite. The initial rectangular profile, equation (4) , at B * a relaxes very fast because of the high current density associated with such an artificial B(x). After this relaxation one finds a triangular shape of the B profile across the dendrite-see the thick line in figure 4 . Note that the left slope of the dendrite is steeper than that on the right side, as also found experimentally, see figure 3 . As the field continues to increase the conventional penetration advances. It affects drastically the profile around the dendrite. By B a = 0.75B c (dashed line), when the flux front has not yet reached the dendrite, the peak around x 0 is already significantly suppressed. As the field reaches 0.92B c , any trace of the dendrite has disappeared, and the flux density at x 0 is only half of its original magnitude. Besides, the slope of B(x) around x 0 became much smaller than that for the triangular profile.
Discussion and summary
The present simulations clearly reproduce all main aspects of the experimental behaviour:
(i) the slope of B(x) across the dendrite is anomalously steep; (ii) the local flux density in the dendrite core temporarily decreases when the flux front approaches; (iii) the asymmetry of the triangular profile across the dendrite. The key to understanding this behaviour lies in the specific B-J relation for thin strips expressed by equation (3) . This relation implies an infinite ∇B where J changes abruptly, e.g., near the edge and at the flux front, see figure 4 . A similar situation is present near the dendrite, where the current changes direction abruptly. Consequently, B(x) has anomalously high gradient there too, but this is in no way related to having a high local j c .
Similarly, the non-locality of equation (3) is responsible for smearing out the B peak at the dendrite. Increasing B a induces additional Meissner currents J M throughout the whole strip, as schematically illustrated in figure 5 . As a result, flux motion is activated on the side of the dendrite where the current density was already j c (the side most distant from the flux front). The flux motion proceeds in the direction of Lorentz force tending to flatten this side of the peak. Earlier MO experiments have revealed similar effects induced by screening currents flowing in the Meissner state region of thin films: unexpected flux dynamics around holes [21] and slits [22] ahead of the advancing flux front.
If the critical state around the dendrite were formed at an elevated temperature, the flowing current j c (T ) would be correspondingly smaller. As a result, the smearing out of the peak will start at a later stage, i.e., when the flux front is very close to the dendrite. The magnitude of smearing will then also be smaller. In fact, this is what we find by comparing the experiments and simulations. From figures 4 and 3 we see that the local decrease of B at the dendrite core is ≈50% in the simulations, but only ≈20% in the experiment. This deviation we believe results from a local heating in the dendrite area during its formation, an effect which was ignored in the simulations.
